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Histopathology of Early Effects of Oral
Cadmium in the Rat Kidney
by E. Aughey,* G. S. Fell,t R. Scottt and M. Black*
Adult male Wistar rats were given 50 ppm Cd in drinking water over a period of 1-24
weeks. Therats werekilled andthe cadmium concentration ofwhole blood, blood plasma
red cells, liver and kidneys estimated. The plasma metallothionein concentration was
measured by radioimmunoassay. Kidney samples were taken for light, transmission and
scanning electron microscopic examination. The accumulation ofcadmium in the tissues
was shown by a linear increase with time, after exposure for 12 weeks. Plasma Cd
concentrations showed a clear increase after 3 weeks and preliminary investigation
suggests thatmostis present as Cd-thionein. Earlypathological changes inthe ratkidney
were seen around the 4-6 week period which coincided with the distinct rise in plasma
Cd.
At 12 weeks, signs oftubularnecrosis, interstitial fibrosis andglomerular epithelial cell
hypertrophy were present in small areas of the cortex. By 24 weeks, the renal cortex
showed clear evidence oftubulo-interstitial nephritis at a Cd concentration of60gg Cd/g
wet weight.
Introduction
The mammalian kidney is a target organ for a
wide variety of toxic agents due to its prime
function as a blood filter during the excretory
process. Cadmium (Cd) is a toxic heavy metal
increasingly being recognized as apotential envi-
ronmental pollutant. Renal tubular damage oc-
curs with long-term exposure and the accumula-
tion of Cd in the kidney after the "critical tissue
level" is reached (1-3). Some ofthe Cd carried to
the kidney in the blood plasma is bound to a low
molecular weight protein metallothionein that is
cleared through the glomerulus and absorbed by
the proximal tubular cells (4). The injurious effect
ofCd metallothionein has been demonstrated by
the occurrence ofrenal tubular damage immedi-
ately following injection of this complex, in con-
trast to the lack of immediate response in the
kidney to a similar injection ofCd chloride (5). It
has been shownthat the renal tubular necrosis is,
however, related to the Cd content of the metal-
lothionein (6). Secondary to the renal tubular
necrosis is an increase in connective tissue and
interstitial fibrosis. In the experiments by Cher-
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ian, Suzuki andothers, Cdchloride and Cdmetal-
lothionein were given by injection. To study long-
term effects of Cd exposure, it is necessary to
subject the experimental animal to low doses of
cadmium over an extended period of time. The
results of several experiments where rats were
given Cd chloride orally have not shown much
evidence of nephropathy, although proteinuria
was reported (7-10).
We have shown previously (11) that when rats
were fed 50 ppm Cd in drinking water over a
period of 1-24 weeks, microscopic examination of
the kidneys showed small lesions developing as
early as 4 weeks with easily discernable tubular
damage and protein casts at 12 weeks when the
cortical burden was 30 .tg Cd/g wet weight; at 24
weeksthe kidneys had obvious tubulo-interstitial
nephritis. This animnal model indicated that
measureable kidney damage had occurred at re-
nal cortical Cd concentrations well below the
critical thresholdproposedfor manof100-200 Cd
gg/g. Therefore, this experiment has now been
repeated, and by using sensitive biochemical and
histological methods, the Cd uptake by blood,
liver and kidney has been studied and the early
histological changes related to the Cd concentra-
tion and the appearance ofCd as metallothionein
in circulating blood plasma.AUGHEY ET AL.
Materials and Methods
One group of 16 adult male Wistar rats was
given 50 ppm Cd in drinking water, and a second
group of 8 was given distilled water. The rats
were offered standard diet and water ad libitum.
Two rats from the Cd group and one control rat
were killed at 1, 2, 3, 4, 8, 12, 18 and 24 weeks by
intravenous Immobilon injection. Blood was
taken from the abdominal aorta and the liver and
kidneys removed. All blood and tissue samples
were collected and stored in plasticware made
free from Cd contamination.
Light Microscopy
Small blocks of tissue were taken from the
lower pole of the right kidney and fixed in buf-
fered neutral formalin. Sections of3 jmthickness
were cut and stainedwith hematoxylin and eosin.
Electron Microscopy
Small pieces of the above tissue were fixed in
paraformaldehyde-gluteraldehyde, routinely
processed and embedded in Epon. Sections of1 jm
were cut and stained with toluidine blue to allow
area selection. Ultrathin sections were cut on an
LKB ultratome, stained with uranyl acetate and
lead citrate and examined at 50 kV in a Hitachi
HS8 electron microscope. For scanning electron
microscopy studies, slices of kidney 1 mm thick
were fixed in paraformaldehyde-gluteraldehyde
for a minimum of 24 hr. The slices were then
washed in 0.1 M cacodylate buffer overnight and
then dehydrated in a graded series of acetones.
Tissues were then dried in a Polaron critical point
dryer, mounted on stubs, and coated with gold in
an Emscope sputter coater, before viewing in a
Phillips 50 1B scanning electron microscope.
Cadmium Determination
Whole blood cadmium was measured by carbon
furnace atomic absorption spectrophotometry
(CFAAS) using prior dilution (1:5) and deprotein-
ization with nitric acid (10% Aristar Grade). A 20
jL portion ofthe deproteinized supernatant acid
solution was injected into the carbon furnace and
after programmed drying, ashing and atomiza-
tion, the cadmium absorbance at 228.8 nm was
measured; optical background correction using a
D2 arc was required to compensate for matrix
interferences. A Perkin-Elmer model 2280 spec-
trometer was used, with an HGA-500 furnace and
AS-1 auto-sampler. Calibration was by compari-
son with cadmium added to whole human blood.
The analytical conditions were based on those
described by Stoeppler and Brandt (12). Plasma
cadmium was measured in a similar manner.
Liver and kidney samples were prepared by wet-ashing a known weight oftissue (about 1 g) in nitric acid (Aristar Grade). The cooled acid
solution was made up to 25 mL with water and
cadmium determinedby atomic spectrometry us-
ing an air/acetylene flame (PE model 403). Cali-
bration standards were prepared in dilute nitric
acid of similar strength to that in the test sam-
ples. The procedure was shown to be free from
interference effectsby comparison with an atomic
fluorescence method(13). Accuracy wasprovenby satisfactory analysis ofNational Bureau ofStan-
dards dried bovine liver powder of certified cad-
mium content.
Theradioimmunoassay to measure plasma me-
tallothionein was carried out at the Rowett Re-
search Insituteby Dr. Ian Bremner and Mr. R. K.
Mehra by use of an antibody raised in sheep to
thionein isolated from rat liver.
Results
Biochemical Observations
The accumulation ofCd in rat tissues is shown
by the linear increase with time of exposure in
both liver and kidney (Fig. 1). Whole blood Cd
(which mainly reflects red cell Cd) also increased
linearly with time, but after 12 weeks a steady
state was reached with total blood levels remain-
ing fairly constant at 30-33 jg Cd/L (Fig. 2). Plasma Cd concentrations are much lower than
whole blood Cd(Fig. 2). A clear increase is detect-
able after 3 weeks and values increase gradually from less than 1 jg Cd/L to a fairly constant level
of8-9 jg Cd/L. Preliminary investigation ofthe
nature of the Cd species in rat plasma suggests that most is present as Cd-thionein. The radioim-
munoassay indicates a sharp increase in plasma
metallothionein after 3-4 weeks oral dosage with
Cd. The close relationship between plasma Cd
concentration and the appearance ofmetallothio-
nein in the plasma is shown in Figure 3.
Microscopic Observations
The renal cortex and medulla from all the ex-
perimental and control rats were examined with
thelightmicroscope. At leastfive fields from each
section ofcortex were assessedforthe appearance of the glomerulus, the associated tubules and
interstitial tissue and this was compared with
control sections taken at the same time and proc- essed by exactly the same method. The medulla
was examined forhistological change atthe same
time.
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FIGURE 1. Cadmium concentration in the liver and kidneys of
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FIGURE 2. Cadmium concentration in whole blood and plasma
samples from rats given 50 tg Cd/mL in their drinking
water ad libitum for 24 weeks.
* ig Cd/L The results showed minor areas of tubular ne-
crosis in the Cd rat after 8 weeks oral dosage,
some glomeruli had an increased cellular appear-
ance and the capsule space was absent (Fig. 4).
Protein casts were present inthemedulla (Fig. 5).
7t In the 12-week Cd-dosed rat the tubular injury
was more extensive and an increased number of
lesions noted in addition to the glomerular
R6 changes already described (Fig. 6). Protein casts
were again present in the medulla. In the 24-
/5 week Cd-dosed rat there were obvious areas of
tubular necrosis, vascular changes with intersti-
41 tial edema and glomerular fibrosis and cell hy-
// 4 pertrophy (Fig. 7). The control kidneys showed no
evidence ofglomerular, tubular or interstitial in-
3 jury and there were no protein casts in the me-
dulla (Fig. 8).
2 Areas ofthe renal cortexcontaining aglomeru-
lus and associated tubules were selected for ex-
IT amination with the electron microscope. In the 4-
//1 week Cd-dosed rat there appeared to be an
increase in the dense bodies in the proximal con-
voluted tubule cells (PCT). In the 6-week Cd-
5 10 15 20 25 dosed rat individual cells in the PCT were ne-
Week Nos crotic, and the surrounding interstitial tissue
tionshinplasma cadmiumcshowed some collagen deposition and disrupted
tsma metallothionein isoform 1 (MT-) concen- vascular endothelium (Figs. 9 and 10). By 12
its given 50 jig Cd/mL in their drinking water weeks ofCd dosage, there was considerable tubu-
br 24 weeks. lar cell necrosis and interstitial fibrous tissue
jig Cd/g WET WEIGHT
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FIGURE 4. Light micrograph ofthe renal cortex from a rat after 8 weeks on oral Cd illustrates tubular necrosis (T) and glomerular
swelling (G) H&G, x 250.*egiQucefli.t.......................^;y........^.o.wm................
&4. .ix 61
FIGURE 5. Light micrograph ofthe medulla from the same rat (Fig. 4) to show the protein in the collecting tubules. H&E, x 250.
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FIGURE 6. Light micrograph of the renal cortex from a 12-week oral Cd rat shows local areas of tubular necrosis (T) and
glomerular swelling (G). H&E, x 250.
ioi.ii. 4;WV. , :
FIGURE 7. Light micrograph ofthe renal cortex from a 24 week-oral Cd rat shows local areas ofquite severe tubular injury (T)
associated with glomerulus (G) with a thickened capsule and a small area ofedema (0). H&E, x 250.
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FIGURE 8. Light micrograph oftherenal cortex ofacontrol rat showing no evidence oftubular (T) or glomerular (G) lesions H&E,
x250.
deposition. Histological changes in the glomeru-
lus at 6 weeks were minor, with some fusion and
withdrawal offoot processes, but it was not possi-
ble to attribute this directly to the Cd. However,
by 12 weeks ofCd dosage, the epithelial cells had
increased in size and many organelles were
present in the abundant cytoplasm; foot process
fusion was a constant finding (Fig. 11). Platelets
were a feature ofthe glomerular and interstitial
blood vessels. By 24 weeks of Cd dosage, the
tubulo-interstitial fibrosis was well established
with considerable areas of foot process with-
drawal and fusion and thickening ofthe capillary
endothelium.
The scanning electron microscope allows exam-
ination ofa large area ofthe surface ofthe cortex.
Specimens confirmed the increase in connective
tissue and the glomerular epithelial cell appear-
ance was more obvious with foot process fusion
andbulbous swellingofthe extremetips (Fig. 12).
Discussion
The histopathological lesions described above
conform tothe generally accepted classification of
tubulo-interstitial nephritis. The pattern which
emerges in the cadmium-exposed rat is that of a
progressive nephrotic syndrome affectingfirst the
tubules and surrounding blood vessels and con-
nective tissue with secondarily a glomerular le-
sion involving the epithelial cells and the capil-
lary loop. Slight changes were first noted at 4-6
weeks when the Cd concentration in the kidney
was 6-8 ig Cd/g wet weight, well below the 100-
200 gg Cd/g wet weight considered to be the
critical organ concentration in man (3,14).
The early pathological changes coincide with a
distinct rise in plasma Cd. Plasma metallothio-
nein as measured by radioimmunoassay also be-
comes detectable after 3 weeks on oral Cddosage.
These findings require confirmation but tend to
support the hypothesis (2) that excess Cd-thio-
nein may be released from liver stores, trans-
ported in the blood to the renal glomerulus,
filtered and reabsorbed by the PCT where it is
catabolized, releasing Cd ions which cause renal
damage.
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FIGURE 9. Transmission electron micrograph of the basal area of a tubular cell after 6 weeks dosage with Cd showing the
thickened basal lamina (BL) and myelin figures (M). The basal invaginations have been lost. Uranyl acetate-lead citrate,
x6500.
FIGuRE 10. Low power transmission electron micrograph to show a control tubular cell. Uranyl acetate-lead citrate, x 4000.
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FIGURE 11. Low power transmission electron micrograph showing part of a glomerulus with small areas offoot process fusion
(arrowed) and a platelet in a capillary (CAP). The adjoining connective tissue has collagen fibers (CT), and there are wide
empty spaces close to the blood vessel (BV). A small area ofthe basal zone ofthe tubular cell (T) has a normal appearance.
Uranyl acetate-lead citrate, x 3000.
~~~~~F,Alr~~~~~~~ .::..!.......... ..........
FIGURE 12. Scanning electron micrograph of part of a glomerulus illustrating fusion of foot processes (FP) associated with a
bulbous swelling ofthe terminal parts ofsome ofthe foot processes (arrowed). x 2500.
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Bernard et al. (10) fed 200 ppm Cd to rats in
drinking water, and, after 8 months when the Cd
concentration in the kidney was around 200 gg/g
wet weight, they were able to demonstrate both
high and low molecular weight proteinuria indi-
cating both glomerular and tubular lesions.
Our study shows that reproducible lesions are
observed in the renal cortex with the presence of
protein casts in the medullary tubules at much
lower Cd concentrations. While these early cellu-
lar injuries may be within the repair capacity of
the kidney, the later more obvious lesions at 24
weeks with tubulo-interstitial nephritis may not
be reversible. These observations were made in
the experimental animal at a renal concentration
of 60 ig Cd/g wet weight, which is of the same
order as that found in humans who are heavy
cigarette smokers (15).
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